Abstract. ''Ambers'' is a term used to describe poorly filled, shriveled eastern black walnut (Juglans nigra L.) kernels with a dark brown or black-colored pellicle that are unmarketable. Studies were conducted to determine the incidence of ambered black walnut kernels and to ascertain when symptoms were apparent in specific tissues. The occurrence of ambered kernels was evaluated in fruit harvested from mature 'Football' trees growing at three sites within a commercial black walnut orchard in 2008 to
Black walnut (Juglans nigra L.) is native to much of the eastern United States and is highly valued for its nuts and timber. Black walnut trees are monoecious with one to four pistillate flowers in a cluster at distal ends of the current season's shoots. Each pistillate flower produces one orthotropous ovule surrounded by the integument (Schaffer et al., 1996) . Within the ovule, an eight-nucleate embryo sac is formed. Staminate flowers generally have 20 to 30 sessile stamens and occur on catkins that emerge from dormant buds on the previous season's growth above leaf scars (Beineke and Masters, 1977) . Most commercially grown black walnut cultivars are protogynous with pistillate bloom in late April to early May and pollen shed usually a few days thereafter in Missouri (Warmund and Coggeshall, 2010) . After flowers are wind-pollinated, fertilization occurs 2 to 5 d later followed by a period of rapid expansion of the fruit (Funk, 1979) . In early July, shell hardening occurs and the embryo and cotyledons enlarge. Black walnut kernel development begins adjacent to the testa and continues inward until the exocarp is filled (Van Sambeek and Rink, 1982) . Several factors influence kernel filling, including previous and current year's cropload, tree nutritional status, and environmental factors, especially drought (Crane, 1949) . Black walnut fruit generally attain most of their size by mid-August and kernel fill is completed by late September or early October (Brawner and Warmund, 2008; Funk, 1979) . Fruit are then harvested, hulled, and dried in-shell before cracking for commercial sales.
Ambers is a commonly used term for poorly filled, shriveled kernels with a dark brown or black-colored pellicle inside black walnut fruit (Funk, 1979; Gibson and Kearby, 1976) (Fig. 1) . Walnuts with ambered kernels are unmarketable, resulting in economic loss to commercial growers (Biggs, 2011) . Although symptoms of ambered kernels have been previously described, there has been limited research on the cause of this problem. Stoke (1941) reported that shriveled black walnut kernels have lower oil content than non-shriveled kernels. In a later study, Mangoff (1980) found that ambered kernels typically had less stearic and oleic acid than non-ambered kernels. Gibson and Kearby (1976) reported that ambered kernels were not associated with feeding by walnut husk maggots (Rhagoletis completa Cresson) in the fall. More recently, ambered kernels were found in shelled nuts of all cultivars examined, including 'Emma K', 'Kwik Krop', 'Sparrow', 'Surprise', 'Schessler', 'Davidson', 'Thomas', 'Sparks 127', 'Hare', 'Tomboy', and 'Bowser', in a black walnut repository at New Franklin, MO (Biggs, 2011) . At another site, it was discovered that not all fruit produced on a single terminal fruiting shoot (with apparently healthy foliage) had ambered kernels on 'Football' trees, which suggests that these symptoms are not associated with a nutritional disorder (M.R. Warmund, unpublished data).
Other nut tree species produce discolored kernels, although causal agents are likely different from that for ambered black walnut kernels. Persian walnut cultivars such as 'Ashley', 'Serr', and 'Chico' produce fruit containing ''oilless'' nuts with dark, shriveled kernels in the shaded interior of the tree canopy early in the growing season (Grant et al., 1985) . Unlike black walnut, Persian walnut fruiting shoots with oilless nuts produce sparse leaves with interveinal chlorosis and these fruiting spurs often die the next winter (Grant et al., 1985) . Necrosis has also been reported on the basal area of pecan kernels and it affects certain cultivars such as 'Pawnee', 'Choctaw', and 'Oklahoma' more so than 'Cheyenne' (Smith et al., 2007) . Although the cause of pecan kernel necrosis is unknown, it does not appear to be the result of stink bug damage, pecan weevil feeding, or a nutritional disorder.
Because of the paucity of information on black walnut ambers, the objectives of this study were to: 1) evaluate the incidence of ambered kernels in fruit of 'Football' trees at three sites within a black walnut orchard; 2) determine when symptoms of ambered kernels first appear during the growing season; and 3) ascertain which fruit tissues are associated with ambers.
Materials and Methods
Hourly temperature and precipitation data for 2008 to 2011were obtained from a National Weather Service Cooperative weather station located 7 km from the study site. Mean maximum and minimum daily temperatures and precipitation for each month were calculated from these data.
Annual walnut production and incidence of ambered kernels. At each of three sites within a commercial orchard near Windsor, MO, five 'Football' black walnut trees on seedling J. nigra rootstock were selected for this study based on similarity in tree age (32 years old), size, and cropload. Trees at each site were spaced 6.1 m apart in a single row in a north-south row orientation. Soils at Sites 1 and 2, 50 m apart, were classified as 1 To whom reprint requests should be addressed; e-mail warmundm@missouri.edu. a Mandeville silt loam (fine-loamy, mixed, superactive, mesic typic hapludalfs) (Grogger and Persinger, 1976 5, 6, and 7 Oct. 2008 5, 6, and 7 Oct. , 2009 5, 6, and 7 Oct. , and 2010 , respectively, using a grower-designed tree shaker and then collected from the ground using a manual device (Nut Wizard; Holt's Nut Wizard, Inc., Douglas, GA). Immediately after harvest, fruit from each tree were hulled with a locally produced machine (Lane, 2000) and further cleaned using an electric bench grinder with a 15.2-cm-diameter wire brush. Hulled nuts were then stored at 4°C for 1 week before evaluation. The number of walnuts harvested per tree was recorded. One hundred walnuts per tree were randomly sampled, bisected perpendicular to the suture using a band saw, and individually scored for the presence or absence of an ambered kernel.
Fruit yield data were subjected to an analysis of variance (ANOVA) using the PROC MIXED procedure of SAS (Version 9.2; SAS Institute, Cary, NC) for a completely randomized repeated measures design. Means were separated by Fisher's protected least significant difference test (LSD; P # 0.05). Data for the presence or absence of ambered kernels were subjected to the GLIMMIX procedure of SAS with a logit link function for a beta distribution. Odds were calculated to estimate the probability of ambered kernels in walnuts for each site and year. Differences among odds were determined using the LSMEANS statement (P # 0.05). To estimate percent ambered kernels, odds were calculated from the antilog of the logit value and back-transformed [% ambered kernels = odds/(1 + odds)].
Seasonal development of ambered and non-ambered kernels. Because of low numbers of fruit on black walnut trees in 2011 (an ''off'' production year), 24 fruit were randomly sampled from four trees located at Site 2 on seven dates (25 June, 21 July, 4 and 18 Aug., 1 and 15 Sept., and 6 Oct.). A manual fruit picker (LRB 189; Flexrake, Temple City, CA) with a 4-m-long handle was used from the ground to randomly collect fruit from the lower portion of the tree canopies. For each date, fruit diameters were measured immediately after sampling using a digital caliper (Series 500; Mitutoya America, Aurora, IL) before bisecting them to remove cotyledons and expose the embryo. Cotyledon widths and embryo axis lengths (root apex to shoot apex) ( Fig. 2) were measured similarly under a stereomicroscope (Leica M205 FA; Leica Microsystems, Wetzlar, Germany) and the presence or absence of ambered kernels was then recorded. Fruit diameter, cotyledon, embryo axis, and ambers data from all sampling dates, except June when few embryos were visible, were subjected to ANOVA using a completely randomized design and a factorial arrangement of ambers and sampling date. Data were analyzed using the PROC MIXED procedure of SAS and means were separated with Fisher's protected LSD test (P # 0.05).
On 6 Oct. 2011, all remaining fruit from each of the four trees at Site 2 were harvested, hulled, cleaned, and stored at 4°C as described previously. Fifty walnuts from each tree were randomly selected, bisected on a band saw, and nut diameters (measured perpendicular to the suture), cotyledon widths, and embryo axis lengths were recorded. Severity of ambers symptoms for each kernel was evaluated using a 1 to 5 rating scale (1 = plump kernel, no visible shriveling or discoloration of tissue; 2 = 1% to 33% kernel shriveling; 3 = 34% to 66% kernel shriveling with moderately discolored tissue; 4 = 67% to 99% kernel shriveling with discolored tissues; 5 = 100% of kernel non-filled, black shriveled pellicle with discolored internal tissues). Data were subjected to ANOVA using a randomized complete block design with individual trees as blocks and ambers ratings as treatments. Data were analyzed using the PROC MIXED procedure of SAS and means were separated with Fisher's protected LSD test (P # 0.05).
Results
In Apr. 2010, the mean maximum daily temperature was relatively warmer than that for the same month in other years (Fig. 3) . Also, mean maximum daily temperatures were always warm in July and August, ranging from 28 to 35°C. In Aug. 2010, the average maximum daily temperature was slightly warmer than that for August of other years. Additionally, July 2011 was warm as compared with the same time in other years. Precipitation during the period of fruit growth (June through September) was 725, 503, 576, and 328 mm in 2008, 2009, 2010, and 2011, respectively (Fig. 3) . Precipitation during June 2010 was only 60 mm, which is historically (1985 to 2010) 69 mm below normal for that month (P. Guinan, unpublished data). However, monthly precipitation after June 2010 was not unusually low. Visible symptoms of drought stress (leaf wilting, fruit shriveling, or drop) were absent during all growing seasons.
Annual walnut production and incidence of ambered kernels. Site 1 in 2010 had more fruit per tree than other sites in all years except for Site 1 in 2008 (Table 1) . Site 1 in 2009 also had fewer fruit per tree than other sites in all years except for Site 3 in 2009. When kernels were examined, walnuts from Site 2 had greater odds for ambered kernels than those from the other two sites (Table 2) . Thus, 27% of the sampled walnuts from Site 2 had ambered kernels, whereas those from Sites 1 and 3 had 6% and 10% ambered kernels, respectively. Also, walnuts collected in 2010 had greater odds of having ambered kernels than those harvested in 2008 or 2009. In 2010, 21% of the walnuts had ambered kernels, whereas 9% of those sampled in other years had ambered kernels. Seasonal development of ambered and non-ambered kernels. On 25 June 2011, embryos were visible in only 50% of the fruit examined and nearly all were less than 1.5 mm long (data not shown). Ambers symptoms, including embryo or cotyledon discoloration, were not observed at this early date. By 7 July, embryos were found in all walnuts, but embryo axes in ambered kernels were shorter (0.8 mm long) than those in non-ambered kernels (2.3 mm long) (Fig. 4) . Thereafter, embryo axes lengths in fruit with ambered kernels elongated only slightly (less than 1.2 mm long) and were statistically similar at all sampling dates. In contrast, embryo axis lengths in nuts with non-ambered kernels increased in size from 7 July to 18 Aug. and were similar thereafter. At all sampling dates, embryos and cotyledons in ambered kernels ranged from slightly off-colored to dark brown or black (Fig. 5) . Cotyledon widths of ambered and non-ambered kernels were similar on 7 July, but those of ambered kernels were always smaller than cotyledons of non-ambered kernels at subsequent dates (Fig. 4) . Moreover, cotyledons of ambered kernels only grew 4 mm wider from early July to 6 Oct., whereas those of non-ambered kernels enlarged by 18 mm during the same time.
'Football' fruit with ambered kernels had a smaller diameter than those with non-ambered kernels across all sampling dates (Table 3) .
Mean diameters of fruit with ambered and non-ambered kernels increased significantly in July (28 to 39 mm) with more gradual enlargement until 6 Oct. when fruit diameter averaged 51 mm. y Values represent 100 nuts sampled from each of five trees at each location. Odds were calculated from the antilog of the logit value and back transformed [% ambered kernels = odds/(1 + odds)] to estimate percent ambered kernels. Mean differences among odds were determined using the LSMEANS statement of SAS. Odds followed by different letters within the column are significantly different for sites and years with no significant interaction of site · year (P # 0.05). x Soils at Sites 1 and 2 were classified as a Mandeville silt loam and soil at Site 3 was a Deepwater silt loam. w NS, *** indicate nonsignificance and statistical significance at P # 0.001, respectively.
When mature nuts were evaluated, amber symptoms ranged from plump kernels with no discoloration to non-filled kernels with necrotic tissue. The total number of kernels with lower (1 or 2) amber ratings was 86 and that of kernels with higher (3, 4, or 5) ratings, which were considered ambered, was 114 (Table 4) . As the severity of the ambers rating increased, embryo axis lengths decreased (Table 4). Embryo axis lengths in kernels with 1, 3, and 5 ratings averaged 5.3, 3.5, and 1.3 mm, respectively. Mean cotyledon widths of kernels with 1 or 2 ratings were wider than those of nuts assigned 3, 4, or 5 ratings. Hulled nut diameters for walnuts with light-colored, plump kernels to severely ambered kernels varied by only 3.4 mm. However, nuts with kernel ratings of 1 or 2 were wider than those with ratings of 4 and 5 (Table 4) .
Discussion
'Football' black walnut fruit numbers per tree were similar among all sites when averaged across three years of this study (Table 1) capacities, non-irrigated trees produced similar fruit numbers over a 3-year period. However, mean fruit numbers varied by location and year, indicating that other factors influenced fruit yields. Black walnut trees typically have an irregular fruiting habit with individual trees within an orchard bearing large crops erratically (Funk, 1979) . High fruit numbers at Site 1 in 2008 and 2010 indicated a strong biennial fruiting tendency for these 'Football' trees, whereas fruit numbers fluctuated annually to a lesser extent at Sites 2 and 3. Reid et al. (2009) listed 'Football' as one of several black walnut cultivars with a high tendency for alternate bearing. Also, low yields of walnuts have been associated with fruit drop caused by black walnut curculio [Conotrachelus retentus (Say)] larvae feeding on young fruit in late May and early June (Blair, 1978; Schreiber and Linit, 1991) . In our study, usually less than 20 curculio-damaged fruit were observed underneath each tree during each growing season (data not shown). After pollination, fertilization, and ''June drop'' (unfertilized fruit shed from trees), discolored embryos, often with shriveled cotyledons, were visible inside fertilized fruit by 7 July 2011 (Fig. 4) . Thereafter, discolored embryos and cotyledons generally had little additional growth as compared with kernels without embryo or cotyledon discoloration that continued to grow until 18 Aug. and 15 Sept, respectively (Fig. 4) . By harvest, kernels with the most severe ambers symptoms (rating of 5) had the shortest embryo axis length (Table 4) . It also appears that for fruit sampled from the lower portion of the canopy (Fig. 4) , embryo axis lengths and cotyledon widths in ambered kernels were relatively smaller than those with ambered kernels sampled from the entire canopy (Table 4 ). The reason for this difference in these values is unknown, but it may be the result of the position in the tree where fruit were harvested (lower canopy vs. whole-tree sampling), less light interception in the lower portion of trees, or unequal sample sizes (24 vs. 200 total fruit).
The percentage of ambered walnuts at harvest varied by site and by year (Table 2) . Results from this study indicate that the incidence of ambered kernels was not associated with cropload because Site 2 had the highest percentage of ambered kernels but Site 1 had relatively high fruit numbers in 2008 and 2010 (Table 1 ). In 2011, 57% of walnut kernels sampled from trees at Site 2 ranked highly (3 to 5 rating) for ambers (Table 4) . However, neither mean maximum temperature nor precipitation for any given month was consistently associated with the presence or absence of ambered kernels at harvest ( Fig. 3 ; Tables 2 and 4). Studies conducted earlier at this same orchard located near Windsor, MO, revealed that mean percentage of ambered kernels (100 fruit sampled from each of five 35-year-old trees) for 'Sparrow', 'Emma K', and 'Kwik Krop' trees was 68%, 37%, and 16%, respectively, in 2007 (M.R. Warmund, unpublished data). When kernels from 15 black walnut cultivars (13-year-old trees) growing near New Franklin, MO, were evaluated, the incidence of ambered kernels in 2009 (7% or less) and 2010 (12% or less) was similar among cultivars in each year (Biggs, 2011) .
Amber-like symptoms have also been associated with anthracnose [Ophiognomonia leptostyla (Fries) Sogonov] infections based on the finding that unsprayed 'Ohio' black walnut trees defoliated by severe anthracnose infection produced fruit with greater than 10% shriveled kernels with dark-colored pellicles in Beltsville, MD (Berry, 1960) . However, in a similar study at Fredericksburg, VA, black walnut kernel filling and pellicle color were unaffected when 'Stabler' trees with a light cropload were prematurely defoliated by an anthracnose infection (Berry, 1960) . In a 2003 study evaluating the relative anthracnose defoliation of 13 black walnut cultivars, 'Football' trees ranked high for susceptibility and 'Sparrow' trees ranked low for this disease (Reid et al., 2004) . 'Sparrow' trees had greater than 60% ambered kernels in 2007, although trees were not prematurely defoliated by anthracnose (M.R. Warmund, unpublished data).
Stenospermocarpy is a term to describe the development of fruit that contain an aborted or a rudimentary embryo after pollination and fertilization. This term was first used by Stout (1936) to characterize seedless grape cultivars such as 'Thompson Seedless' (Vitis vinifera L.), in which the fruit has an aborted embryo or contains a seed trace. In these grape cultivars, fertilization occurred before stenospermocarpic fruit developed. Stenospermocarpy also occurs in several other fruits, including 'Fuerte' and 'Ettinger' avocado (Persea americana Mill) (Tomer et al., 1980) , 'Nuomici' litchi (Litchi chinensis Sonn.) (Xiang et al., 2001) , and Citrus kinokuni hort. ex Tanaka 'Mukaku Kishu' (Yamasaki et al., 2007) . In seedless avocados, degenerated embryo and endosperm tissues were visible at different stages of fruit development as well as a few intact embryos (Tomer et al., 1980) . Filbert (Corylus avellana L.) trees often produce seedless nuts or ''blanks'' (Lagerstedt, 1977) . Small-seeded or ''semi-blank'' pistachio (Pistacia vera L.) fruit, with post-fertilization cotyledon degeneration during late stages of fruit development, have also been reported (Shuraki and Sedgley, 1996) . Reduced embryo lengths and cotyledon widths found in ambered black walnut kernels may be analogous to modified tissues in seedless avocado, filbert, and ''semi-blank'' pistachio. As implicated for seedless filbert (Lagerstedt, 1977) , the cause of ambers in black walnut may be the result of genetic incompatibility, aneuploidy, or other unknown factors. The varying range of black walnut ambers symptoms in Oct. 2011 indicates that self-pollination is not the sole cause of ambers (Table 4) .
Recently, researchers identified a single dominant gene to breed seedless citrus fruits and molecular approaches have been used to induce embryo abortion for seedless fruits in several other horticultural crops (Callahan et al., 2011; Chavez and Chaparro, 2011; Lora et al., 2011) . In our study, the presence of necrotic and undersized embryos in black walnut fruit in July and thereafter indicate that stenospermocarpy also occurs in this genus. Additionally, fruit enlargement is not dependent on embryo enlargement, even when shriveled kernels with dark brown pellicles are produced (i.e., ambered kernels). To our knowledge, genetic expression of stenospermocarpy has not been investigated in black walnut fruit 1.34 e 6.4 c 29.4 d z Values represent means of 50 black walnuts from each of four trees. Means within columns followed by different letters are significantly different (P # 0.05). y Ambers ratings of kernels (1 = plump kernel, no visible shriveling or discoloration of tissue; 2 = 1% to 33% kernel shriveling; 3 = 34% to 66% kernel shriveling with moderately discolored tissue; 4 = 67% to 99% kernel shriveling with discolored tissues; 5 = 100% of kernel non-filled, black shriveled pellicle with discolored internal tissues). Values in parentheses represent the total number of kernels for each rating. but may provide useful information regarding ambered kernels in the future.
In conclusion, stenospermocarpy occurred in developing 'Football' black walnut fruit. Aborted or small degenerated embryos in stenospermocarpic black walnut were observed in fruit by early July and at subsequent sampling dates throughout the growing season. Stenospermocarpic fruit also had reduced cotyledon widths by 21 July. During the growing season, stenospermocarpic fruit enlarged and contained incompletely or non-filled kernels with shriveled, dark brown or black-colored pellicles. Stenospermocarpic fruit also had slightly smaller nut diameters than those with filled kernels and light-colored pellicles at harvest. Thus, stenospermocarpic fruit, which contain unmarketable ambered kernels, are not often apparent without cracking to expose the kernel. Future studies will focus on the underlying mechanism of stenospermocarpy early in the growing season.
